The finite-difference time-domain (FDTD) model was developed to analyze electromagnetic (EM) wave propagation in an inhomogeneous ionosphere. The EM analysis of ionosphere is complicated, owing to various propagation environments that are significantly influenced by plasma frequency, cyclotron frequency, and collision frequency. Based on the simple auxiliary differential equation (ADE) technique, we present an accurate FDTD algorithm suitable for the EM analysis of complex phenomena in the ionosphere under arbitrarydirection geomagnetic field. Numerical examples are used to validate our FDTD model in terms of the reflection coefficient of a single magnetized plasma slab. Based on the FDTD formulation developed here, we investigate EM wave propagation characteristics in the ionosphere using realistic ionospheric data for South Korea. This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. ⓒ
I. INTRODUCTION
It is of great importance for radio and satellite communication to study electromagnetic (EM) wave propagation in the atmosphere. However, it is not easy to investigate EM wave propagation in the ionosphere because of ionized ions and free electrons [1] . Three key parameters to consider for EM analysis of the ionosphere are plasma frequency, cyclotron frequency, and collision frequency [1] . Plasma frequency is oscillation frequency, which is related to electron movement to neutralize locally biased space. Cyclotron frequency is angular frequency of electrons when they move in circular form under a static geomagnetic field. Collision frequency is the effective number of collisions per second.
In this study, we develop a finite-difference time-domain (FDTD) [2] model suitable for EM analysis of the ionosphere, based on a simple and accurate auxiliary differential equation (ADE). Our model can accurately investigate EM wave interaction with the ionosphere because it can take into account arbitrary geomagnetic field and inhomogeneous ionospheric parameters varying in height, unlike previous FDTD studies [3] . The proposed ADE-FDTD model is validated by analyzing a simple slab of magnetized plasma. We examine EM wave interaction with the ionosphere based on realistic ionospheric data for South Korea. 
Here, E is the electric field, H is the magnetic field, J is the current density, v is the collision frequency, ω p is the plasma frequency, ω b is the cyclotron frequency, and ε 0 and μ 0 are the permittivity and permeability of free space, respectively. For simplicity and without loss of generality, we assume that the EM wave propagates along the z-axis. By using the central difference scheme in both time and space [4] , one can obtain
where the superscript and the subscript refer to the time indexing and the spatial indexing, respectively. Note that A = (2Δtε 0
Δtω by /(2 + νΔt), and Z = Δtω bz /(2 + νΔt). Here, ω bx , ω by , and ω bz are the cyclotron frequencies along each direction. As can be seen from Eqs. (9)-(11), updated equations of current density are performed simultaneously. Therefore, J x is derived by substituting into (10), and J z by substituting (9) and (10) into (11) to derive explicit expressions. Moreover, E x , E y , J x , and J y are positioned at k, while the remainders are located at k + 1/2. To tackle this problem, we employ the space averaging technique [2] .
III. NUMERICAL EXAMPLES
In order to validate the accuracy of the proposed FDTD model, we compute the right-hand circularly polarized (RCP) and left-hand circularly polarized (LCP) reflection coefficient of the EM wave in the magnetized plasma slab with an arbitrary angle θ between the wavenumber vector and the bias magnetic field. The ionosphere slab occupies 120 cells in the free space, and the incident wave is a differentiated Gaussian pulse. The spatial size and time step are 75 μm and 0.125 ps, respectively. The plasma parameters are ω p = 2π × 50 × 10 9 rad/s, ω b = 3 × 10 11 rad/s, v = 20 GHz, and θ = 20°. As shown in Fig. 1 , the results of the proposed FDTD model have good agreement with the analytic results [1] .
Next, we examine realistic EM wave propagation characteristics using ionospheric data for South Korea. Before proceeding, it is worth explaining the key ionospheric parameters. The plasma frequency is 
IV. CONCLUSION
We provide an FDTD model suitable for the analysis of EM interaction with realistic ionosphere where EM parameters vary with altitude. For this purpose, we developed an accurate FD-TD algorithm for an inhomogeneous ionosphere with arbitrary geomagnetic field, and we employed ionospheric data at a specific location and time. It is believed that the proposed FDTD model can be applied to accurately predict EM wave propagation in the atmosphere for radio and satellite communication at any location and at any time. 
